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Separating between ordinary (OHE) and anomalous (AHE) Hall effect in the paramagnetic phase 
of Mni_j;Fej,Si reveals OHE sign inversion associated with the hidden quantum critical (QC) point 
X* ~ 0.11. The semimetallic behavior at intermediate Fe content leads to verifiable predictions in 
the held of fermiology, magnetic interactions and QC in Mni_j;Fe 2 ,Si. The change of electron and 
hole concentrations is considered as a “driving force’Tor tuning the QC regime in Mni_ 2 ;Fea;Si via 
modifying of RKKY exchange interaction within the Heisenberg model of magnetism. 

PACS numbers: 72.15.Gd; 75.30.-m; 75.30.Kz 


Studying of the ordinary Hall effect (OHE) in quantum 
critical (QG) regime is an important tool, which allows 
choosing between various scenarios of non-Fermi liquid 
behavior in various strongly correlated electron systems 
[ij-Q . In the case of localized magnetic moments (LMM) 
a collapse of the Fermi surface (FS) expected exactly at 
the quantum critical point (QGP) results in an abrimt 
change of the Hall constant at zero temperature P, y] . 
In contrast, no direct evidence of the Lifshitz transition 
at QGP P] is provided for itinerant magnets in the spin 
density wave model of quantum criticality 0]. 

This apparent distinction between localized and itin¬ 
erant behaviour stimulates a particular interest to the 
study of OHE in Mni_ 3 ;Fea;Si solid solutions. Recently, 
comprehensive neutron scattering study ii together 
with magnetic data and specific heat measurements 
P discovered a QGP corresponding to the suppression 
of spiral phase with long-range magnetic order (LRO) in 
Mni_a;Fea:Si. This QGP located at x* ^ O.II — 0.12 
(Fig. HD [ii is hidden by a surroundiM phase with 
short-range magnetic order (SR^ JR 0, 0 that agrees 
well with the theoretical models [Oj, . This SRO phase 
referred sometimes as chiral spin liquid (9| is destroyed 
at the second QGP Xc 0.24 (Fig. [T]) [JT Diverging of 
magnetic susceptibility x(T) ~ 1/T^(^ = 0.5 — 0.6) at 
a: > Xc 0 is proved to be a fingerprint of disorder-driven 
Griffiths (G) phase consisting of separated spin clusters 
[Ill[T2|. So not only modulation of exchange interactions, 
which seems to induce the first QGP at x* [R|^, but also 
strong disorder effects impact significantly on quantum 
criticality in Mni_ 2 ;Fea;Si. 

However, some essential features of QC behavior in 
this system have not been recognized up to now. Firstly, 
the critical temperature of the LRO phase Tc(x) does 
not follow the x dependence of the ferromagnetic (F) ex¬ 
change J(x), which turns zero for Fe content exceeding 
X* (Fig. [T]) [1]. As long as LRO in Mni_a;Fea;Si orig¬ 


inates from competing F exchange and Dzyaloshinskii- 
Moriya interaction (DMI) Si and DMI does not re¬ 
sult in any magnetic ordering itself, the different behav¬ 
ior of Tc(x) and J(x) indicates an intrinsic complexity 
of magnetic interactions in Mni_ 3 ,Fea;Si. Secondly, al¬ 
though the fragmentation into spin clusters expected at 
Xc is supported by the theoretical model Si taking this 
experimental fact for granted, the formal percolation in 
Mn magnetic ions at Xc 0.24 is not broken. So the 
factors driving the change in the topology of magnetic 
subsystem need to be clarified. Thirdly, despite the fact 
that the Mni-^jEe^Si solid solutions are often considered 
as itinerant magnets S [i3| , LDA calculations [l^ and 
recent i nag netic resonance and magnetoresitance stud¬ 
ies [3, IlSj l favor the alternative explanation based on 
Heisenberg LMM of Mn ions. Therefore, different be¬ 
havior of the Hall effect in QG systems with LMM and 
itinerant magnets [ll-0| makes it possible to shed more 
light on the microscopic mechanisms of quantum criti¬ 
cality in Mni_ 2 ;Fea;Si. 

This Letter addresses the aforementioned problems 
through the study of the Hall effect in the paramagnetic 
(P) phase of Mni_a;Fea;Si (Fig. [T|). Currently, a notice¬ 
able discrepancy (about two times) in the electron con¬ 
centration is reported even for pure MnSi [ll,[i3|- More¬ 
over, the recent study of the Hall effect in Mni_ 2 ,Fea;Si 
has initiated a pessimistic conclusion that any correct 
Hall constant can hardly be estimated because OHE 
in this system is much less than anomalous Hall effect 
(AHE) [18|. This difficulty is shown to be overcome by 
the implementation of the data analysis developed re¬ 
cently for MnSi [3] allowing the reliable determination 
of the OHE and AHE contributions from experiment. 

Experimental details and the set of Hall resistivity 
Ph{B,T) and magnetization M{B,T) data are resumed 
in the supplement [i^. Low field Hall resistivity ex¬ 
tracted from the ph{B, Tq) data for Bq = 0.5 T (Fig. [2]) 


2 


X 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 



FIG. 1. (Colour on-line) Mni-a^Fe^Si magnetic phase dia¬ 
gram. P phase corresponds toT > TJx), Ts{x) is the onset of 
SRO. LRO phase boundary Tc{x) [1,0] is accompanied by the 
Tc{0)J{x)/J{0) data plotted from experimental values of ex¬ 
change energy Qj . Solid lines at xs and xr (P phase) separate 
the various regimes of AHE and OHE (see text for details). 
Dash-dotted lines point to (1) the hidden QCP x* ~ 0.12 and 
(2) the crossover between classic and quantum fluctuations 0] 


shows clearly that pn decreases with lowering of tem¬ 
perature in the P-phase for all studied crystals. Distinct 
anomalies in the ph(T) data are identified at the tran¬ 
sition into the SRO phase (arrows in Fig. mi. The most 
prominent downturn of low temperature Hall resistivity 
occurs for x = 0.194 close to the SRO phase boundary 
at the second QCP Xc 0.24 (Fig. [2]). 

The strong ph{T) dependences (Fig. [5]) allow apply- 



FIG. 2. (Colour on-line) Hall resistivity ph{T,Bo) for pure 
MnSi (circles, Bq — 0.31 T) and Mni_ 3 ,Fea;Si (squares. Bo = 
0.5 T). Arrows indicate the onset of SRO at Ta{x). Solid lines 
are the fits by pn = RhBq -I- poS\pM with Rh{x) and S\{x) 
shown in Fig. Oa. For clarity the ph{x > 0.1) data are shifted 
down by 50 nO-cm. 


ing the procedure developed earlier to separate between 
OHE and AHE in the P phase of MnSi [1^ . The func¬ 
tional form of the anomalous term p'^ = pgSnP'^M in 
Ph = RhB + p% depends on the scattering mechanism of 
charge carriers 2]|. Por Mni_a;Fea;Si the exponent n = 2 
corresponds to the intrinsic AHE related to /c-space Berry 
phase effects 18| . The same value of n = 2 was also pre¬ 
dicted for extrinsic side-jump scatterin g 12111 . However, 
studies of Mni-.rFe.rSi single crystals [l8| and epitax¬ 


ial MnSi thin films m prove evidently that the sample- 
dependent contribution AHE from side-jump scattering 
can be neglected. The case of n = 1 is associated with 
skew scattering on LMM due to spin-orbit coupling 211. 

Comparison of the ph{T,Bq) data within these AHE 
scenarios shows that the best linear fits of the data in 
the P-phase are obtained in the ph/Bq = f{pM/Bo) 
plot [20|. This finding is supported by excellent agree¬ 
ment between the experimental ph{B,T) data and the 
curves calculated from the resistivity and magnetization 
in the oc pM approximation (Eig. [2|). The Rh{x) 
and Si{x) data extracted from the linear fits (Pig. S4 
[13) are summarized in Pig. [3^. Rising of Pe content re¬ 
sults in the opposite trends of OHE and AHE changing 
their signs in the P-phase (Fig. [SK). Note that the Si 
sign inversion occurs at the concentration of xs ^ 0.05 
much lower than that of Rh {xr ~ 0.115, Fig. [31a). The 
boundary dividing the S'! > 0 and S'! < 0 regions is 
very close to the crossover between classical and quan¬ 
tum critical fluctuations (line 2 in Fig. |T]) predicted for 
Mni_a,Fea;Si This crossover induced by the hidden 
QC point is also detected from resistivity data, which 
are sensitive to the scattering regime of charge carriers 
13 . Therefore it is possible to suppose that the change of 
magnetic scattering on spin fluctuations taking place at 
the crossover line affects skew-scattering contribution to 
AHE and may be responsible for its observed inversion 
in Mni_ 2 ,Fea;Si. However, no relevant theory describing 
this effect is available at this moment. 

The other important finding appears from the OHE 
sign inversion detected at Fe content xr ~ 0.115 
(Fig.jSla). This fact points to the competing electron and 
hole contributions to charge transport in Mni_a;Fea;Si. 
Note that the boundary between negative {Rr < 0,x < 
Xr) and positive {Rr > 0,x > xr) OHE coincides with 
the hidden QCP x = x* k. 0.11 (Fig. HI line 1). Such an 
inversion of OHE may result from the change of the PS 
topology in strong magnetic fields, when the inversed cy¬ 
clotron frequency is much less than the electrons Tg and 
holes Th relaxation times. In this case, the corresponding 
Lifshitz transition at QCP would favor scenario based on 
Heisenberg-type model of magnetism [l|. 

However, this QC scenario does not probably meet the 
case of Mni_a;Fea;Si. Pirstly, the data in Pig. [2] corre¬ 
spond evidently to weak magnetic fields. Considering 
the effective concentrations n{x) and p{x) and mobilities 
Pe{x) and ph{x) for electrons and holes, respectively, the 
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FIG. 3. (Colour on-line) a) Hall constant Rh (open circles) 
and AHE coefficient Si (filled circles) in Mni_a;Fea:Si. Solid 
line is the fit by Eq.(l). (b) Reduced conductivity G(x)/a{Q) 
(1), electron transport relaxation time t{x)/t{Q) (2) and spin 
relaxation time rs(a;)/rs(0) [H, [1^ (3) for T =30 K. Line 4 
is the a{x)/(j(0) dependence expected for Tf,{x) =const. 


condition for OHE sign inversion in the degenerate limit 
p{xb) — = 0 [ 2 ^ depends on the mobili¬ 

ties ratio b{x) = \up.(x)/ iJ,h(x)\. Secondly, high electron 
effective mass me ^ 17mo |25j | makes difficult reaching 
the high magnetic field regime. Therefore the observed 
Rh (x) sign inversion does not exclude itinerant origin of 
Hall effect peculiarities Q. At the same time the OHE 
evolution in Mni_a;Eea;Si suggests that the substitution 
of Mn with Ee results in the effective hole doping so that 
the FS definitely evolves. This opportunity is not fore¬ 
seen in the itinerant models of QC phenomena in MnSi 
based solids I, US- 

Quantitative information about FS evolution crucial 
for the analysis of the QC phenomena in Mni_ 2 ,Fea;Si 
can be extracted from our Rh (x) data under some model 
assumptions. Firstly, the main effect of substitution of 
Mn by Fe is suggested to be the change of electron n 
and hole p concentrations. This hypothesis based on the 
experimental data (Fig. |3K) means that electrons are as¬ 
sociated with manganese whereas holes are supplied by 
iron. The simplest case assumes n{x) = n(0)(l — x) 
and p(x) = pix (pi is some coefficient). Secondly, the 
b{x) = \fj,eix)/phix)\ ratio is treated as a constant for 
the studied concentrations. The latter supposition to be 
apparently rather rough approximation is argued below. 

For b(x) =const the expression for two groups of charge 
carriers [24| may be reduced to 


Rh{x) 


Rh{0) 


1 - x/xr 
{l + a-x/xR)"^' 


( 1 ) 


with i?ij( 0 ) = —(n( 0 ) |e|) ^ and a = b{l — xr) — xr. 
Rh{xr) = 0 fixes the value of pi = n( 0 )& 2 (l — xr)/xr. 


For Xr ~ 0.115 two parameter fitting by Eq. (1) describes 
reasonably the Rh{x) data with RniO) = (1.48 ± 0.16) ■ 
10“"^ cm^/C and a = 0.13 ±0.04 {b 0.28) (solid line in 
Fig. [3^). The nice correlation of the fit with the Rh{x) 
points (Fig. [3Ji) proves our supposition for b{x) =const. 

Another feature can be captured from the concentra¬ 
tion dependence of conductivity ct(x) in Mni_a;Fea;Si. Al¬ 
lowing for b = muTe/meTh =const {me,h and are 
effective masses and relaxation times for electrons and 
holes) the total conductivity may be expressed as 

cr(a:) = (t(0)(1 ± 7 • x)re(x)/re(0), (2) 


where 7 = b{l/xR — 1) — 1 r; 1.13. For Te{x) =const con¬ 
ductivity is expected to increase linearly with x (line 4 
in Fig. [3})). So a pronounced decrease of the (t(x)/(t( 0) 
ratio found at x < 0.3 for T = 30 K (squares in 
Fig. [5 }d) suggests the strong concentration dependence 
of relaxation time as estimated from Eq. (2) (circles in 
Fig. [3b). As scattering on spin fluctuations dominates in 


Mni_ 2 ;Fea:Si [ 8 |, |1J, [15| , it is reasonable to suppose that 


this mechanism affects equally on electrons and holes pro¬ 
viding constant ratio of their mobilities and relaxation 
times. Because spin fluctuations control also the elec¬ 
tron spin resonance linewidth W{x) in Mni_a;Fea:Si [l5| . 
Te,h ^ 1/W{x) is expected in the considered model. The 
dataset of Ts(x)/rs(0) ~ W{Q)/W{x) 15, 2^ (stars in 
Fig.jSb) demonstrates evident correlation between ts{x) 
and t{x) behavior (Fig. |5b) that can be considered as an 
additional justification for the suggested model. 

In our results iron doping fills the hole FS pocket 
and Mni_ 3 ;Fea;Si becomes a semimetal at intermediate 
Fe content. In pure MnSi holes are missing so that Lif- 
shitz transition occurs formally at x = 0 not relating to 
the hidden QCP x*. Besides, a smooth filling of the elec¬ 
tron and hole FS pockets is expected in the studied range 
X < 0.3. The results need to be checked by rigorous band 
calculations and ARPES experiments. 

Our insight on Mni_ 2 ,Fea;Si allows suggesting some 
verifiable implications on the hierarchy of magnetic in¬ 
teractions in this system. Despite the fact that these 
compounds are usually treated as itinerant magnets [ 3 - 
SiESIIl few works discuss microscopic origin of QC 
phenomena in these solids in itinerant paradigm. Accord¬ 
ing to 0 , the “driving force” for quantum phase transi¬ 
tions is the variation of Hubbard repulsion energy, pos¬ 
sible effects of FS transformation being not allowing for. 
In our opinion, these effects should not be disregarded in 
itinerant approach even if they can not be easily incor¬ 
porated into the existing models i 0 . 

Heisenberg picture of magnetism in MnSi and 
Mni_ 3 ;Fe 2 ,Si suggested from magnetic resonance |l4 Il5. 
[ 2 ^, magnetoresistance data 141 and the LDA calcu¬ 
lations [l3| predicts the modulation of exchange inter¬ 
actions under substitution of Mn with Fe. Generally, 
magnetic interactions in 3d-metals are not described by 
RKKY approach due to itinerant origin of magnetism 
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FIG. 4. (Colour on-line) The estimated nn Ji(ri) and nnn 
J 2 {r 2 ) exchange constants in Mni_a;Fea;Si {m^rrih ~ 0.325). 
Circles represent the experimental J{x) data 

[ 2 ^ . However, if LMMs of Mn are either postulated 
or deduced for Mni_a;Fea;Si from experiment and the¬ 
ory [l^ - [l5l . [ 2 ^ , they have to interact via the RKKY ex¬ 
change. In this case, the exchange energies can be esti¬ 
mated assuming quadratic isotropic dispersion laws for 
electrons and holes. Extending of the general expression 
for the RKKY interaction [ 2 ^ to the two groups of charge 
carriers results in 

_ 7^0 „^V5(aW(l -xy/^) + {mh/me)ip{a'{r)x^/y 

jyX^T) J[V^T) / / \\ 

(3) 

with (p{z) = zcos{z) — sin(z), a{r) = 2kpe{0)r and 
a'(r) = a{r){a+xiiy/ [xr (1 — xr)\ (see [ 2 ^ for details). 

Eq. (3) allows estimating magnetic interactions in 
MnSi and comparing them with available data Q. The 
nearest neighbor (nn) and next nearest neighbor (nnn) 
distances between Mn sites in the B20 cubic structure 
are ri = 2.80 A and r 2 = 4.39 A, respectively (^ . 
Allowing for the experimental values of nn exchange 
Ji = J{ri) K. 2.5 meV and the calculated Fermi wave 
vector kFe{0) Ri 1.08 • 10® cm“^, the RKKY function 
J(0,r) gives J 2 = J{r 2 ) ~-0.6 meV (Fig. 0]). Thus nn 
and nnn exchanges in pure MnSi prove to be F (Ji > 0) 
and antiferromagnetic (AF) (J 2 < 0) ones. 

Fitting of the experimental J{x) data for Mni-a^Fe^Si 
0 by Eq. (3) shows that the hole contribution (the sec¬ 
ond term in the nominator) is important as long as it 
stays negative and its absolute value increases noticeably 
with X. At the same time the electron term in the nom¬ 
inator does not vary significantly not accounting for the 
J{x) evolution (circles in Fig. |4 )d). The best fit of the 
Ji{x) data within Eq. (3) (line 1 in Fig.|3}D) corresponds 
to me/nih — 0.325. If melmh is fixed Eq. (3) gives the 
nnn exchange J 2 {x) = J{x, r 2 ) (line 2 in Fig.0}D) without 
any additional parameters. 

Several important findings can be established from the 
Ji{x) and J 2 {x) dependences. First of all, the nn ex¬ 
change changes sign at xj ^ 0.17 (Fig. (Dd). Thus the 
FS evolution in Mni_a;FexSi induces a qualitative change 
of magnetic interaction from F Ji{x < xj) > 0 to AF 
J\{x > xj) < 0. Secondly, the opposite signs of Ji and 


J 2 for X < xj and the same signs of Ji and J 2 for x > xj 
mean the strong influence of frustration on the magnetic 
properties of Mni_ 2 ,Fe 2 :Si pointed out earlier for MnSi 
based solids [ 2 ^. Because the absolute values of Ji and 
J 2 become equal near QCPs x* and Xc^ frustration should 
essentially affect resulting spin configuration. For exam¬ 
ple, the discrepancy between the LRO temperature Tc{x) 
and exchange energy J[x) Q (Fig. [1]) may be induced by 
nnn AF interaction. Moreover, the frustration effects 
are expected to be strong in the “tail” of SRO phase for 
X > X* (Fig. [T|) facilitating s^mentation into spin clus¬ 
ters in the G phase {x > Xc) [Sf . This suggestion resolves 
the abovementioned paradox that the percolation for Mn 
magnetic ions is not formally broken under the topolog¬ 
ical transition in Mni_ 2 ,Fea:Si Q. 

In summary, the novel approach to Hall effect study 
in the P phase of Mni_a;Fea;Si allowed finding the depen¬ 
dences of the OHE and AHE constants Rh and Si on 
the Fe content. Hole doping induced by the substitution 
of Mn with Fe proves that two groups of charge carriers 
contribute to OHE in Mni_ 2 ;Fea;Si. The fact that the 
observed R(x) and Si{x) sign inversions are dehnitely 
associated with the hidden QCP x* ^ 0.11 reveals the 
relationship of these transport anomalies to the QC tran¬ 
sition between LRO and SRO phases. 

Our quantitative analysis leads to some predictions in 
the field of fermiology, magnetic interactions and QC 
phenomena in Mni-a^Fe^Si to be verified by experiments. 
In particular, rising of Fe content is expected to reduce 
the electron FS section filling the pocket with heavier 
holes (m/i/me ~ 3). The discovered semimetallic be¬ 
havior is not foreseen by the itinerant models of quan¬ 
tum criticality in Mni-^^Fe^Si. In contrary, the LMM 
approach predicts strong frustration affecting the posi¬ 
tion of the hidden QCP x* ^ 0.11 and facilitating (to¬ 
gether with the disorder) the SRO suppression and the 
formation of the G phase for x > Xc ^ 0.24. As long as 
the exchange energies are tuned via the RKKY mecha¬ 
nism, the change of electron and hole concentrations may 
be considered as a microscopic “driving force” for QC in 
Mni_2;Fea;Si. 

The most striking consequence of the LMM approach 
is the F to AF Ji(x) evolution occurring in Mni-^jFe^Si 
at xj ^ 0.17. The different types of magnetic interac¬ 
tions modulated by Fe content make the SRO phase to 
be inhomogeneous in the range x* < x < Xc- Simultane¬ 
ously, the G phase {x > Xc) should be constructed from 
AF rather than F spin clusters. Besides, the DMI and the 
spiral structures need to be treated by different ways for 
X > xj and x < xj. As far as this unusual behaviour can 
be hardly expected in itinerant models 1 , 0 , verifying 
of this prediction may be considered as an experimentum 
crucius for Heisenberg-type models of magnetism sug¬ 
gested for Mni_a;Fea;Si. 
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